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Synopsis 
A novel procedure for the synthesis of block copolymers composed of a hydrophobic block of 
polystyrene, a hydrophilic block of poly(ethy1ene oxide) and a bioactive block of nitrous acid- 
degraded heparin was developed. Amino-semitelechelic polystyrene was prepared by anionic 
polymerization of styrene in cyclohexane, using sec-butyllithium as initiator and N -  
(benzylidene)trimethylsilylamide as terminator. After purification using preparative column chro- 
matography, polystyrene with one amino group per chain and a narrow molecular weight 
distribution was obtained. The terminal amino group was used in the coupling reaction with 
amino-telechelic poly(ethy1ene oxide) using toluene 2,4-diisocyanate to produce amino-semitele- 
chelic polystyrene-poly(ethy1ene oxide) diblock copolymer (PS-PEO-NH,). The block copolymer 
was purified by preparative column chromatographic separations and had a narrow molecular 
weight distribution. Approximately one amino group per chain was found. When methylene 
4,4'-diphenyl diisocyanate or hexamethylene diisocyanate were used as coupling agents low yields 
of PS-PEO-NH, were obtained. Polystyrene-poly(ethylene oxide)-heparin triblock copolymer was 
synthesized in a DMF-H,O (40 : 1, V/V) mixture by a coupling reaction of PS-PEO-NH, with 
nitrous acid-degraded heparin, in which aldehyde groups react with the primary amino groups of 
PS-PEO-NH, a t  pH 7 in the presence of NaBH,CN via reductive amination. Using this 
procedure, 18-32% w/w heparin was incorporated, corresponding to  +1 PS-PEO chain per 
heparin molecule. These procedures enable the synthesis of well defined heparin containing block 
copolymers, which will be further evaluated for their blood compatibility. 
INTRODUCTION 
In a previous study,'.2 the synthesis and characterization of new 
polystyrene-poly(ethy1ene oxide)-heparin (PS-PEO-Hep), block copolymers 
have been described. These heparin containing block copolymers were devel- 
oped to improve the blood compatibility of polymer surfaces. Depending on 
the coating technique, different surface morphologies may be obtained. After 
anchoring the polystyrene (PS) block of PS-PEO-Hep onto hydrophobic 
substrates, for instance by swelling with a proper solvent, heparin (Hep) will 
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be exposed a t  the surface via the poly(ethy1ene oxide) (PEO) spacer blocks. 
Other coating procedures may lead to phase-separated surface structures in 
which domains of Hep are dispersed in a PEO matrix surrounded by domains 
of PS. 
The PS-PEO-Hep block copolymers described previously were prepared 
by a three step synthesis. ( A )  Amino-semitelechelic polystyrene (PS-NH,) 
was first synthesized by free-radical polymerization of styrene in the presence 
of 2-aminoethanethiol as chain transfer agent. Using this procedure, it  was 
possible to prepare PS-NH, terminated with approximately one amino group 
per molecule. A disadvantage of this procedure was that very broad molecular 
weight distributions were obtained which showed a tailing at the lower 
molecular weight side. ( B )  PS-NH, was coupled to amino-telechelic poly(eth- 
ylene oxide) (H,N-PEO-NH,) via toluene 2,4-diisocyanate (TDI). However, 
it  was shown that not only the amino-semitelechelic polystyrene-poly(ethy1- 
ene oxide) (PS-PEO-NH,) diblock copolymer was formed, but also coupled 
PS (PS-PS) and PS-PEO-PS triblock copolymers. After coupling, both 
contaminants could not be completely removed from PS-PEO-NH,. (C) PS- 
PEO-NH, was then coupled to Hep using l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC), which provides heparin containing block 
copolymers bearing more than one PS-PEO block per heparin molecule. This 
is due to the activation of more than one carboxylic acid group per Hep 
molecule. It is known that the activation of carboxylic acid groups by EDC 
can lead to the formation of rather stable N-acylurea  derivative^.^^^ Further- 
more, it  is expected that Hep containing modified carboxylic acid groups will 
show a decreased anticoagulant 
PS with the desired molecular weight and a narrow molecular weight 
distribution can be obtained by anionic polymeri~ation.',~ Another require- 
ment is the introduction of one primary amino end group per molecule. In 
principle, this end group can be introduced either by the use of organolithium 
initiators containing a protected primary amino grouplo or by the termination 
of anionic living polymers with protected aminated reagents.", l2 Hirao and 
co-workers12 used trimethylsilyl-protected aminating agents in the deactiva- 
tion of poly(styry1)lithium. The deactivation with N-(benzy1idene)trimethyl- 
silylamine (BTMSA) yielded PS-NH, with a degree of NH,-functionality of 
92-100%. In this study, PS-NH, was also synthesized by anionic polymeriza- 
tion of styrene in cyclohexane, initiated by sec-butyllithium and terminated 
with BTMSA. Furthermore, nonaminated PS was effectively removed from 
PS-NH, by silica gel chromatography, essentially as described by Quirk and 
Cheng. 
To reduce the formation of PS-PS and PS-PEO-PS in the coupling 
reactions, different molar ratios of PS-NH, and diisocyanate and of 
PS-N=C=O and H,N-PEO-NH, were applied. The resulting polymers 
were further purified by column chromatography (CC).'* 
The synthesis and characterization of pure PS-PEO-Hep triblock copoly- 
mers obtained by the coupling of PS-EO-NH, with heparin containing one 
aldehyde group per heparin molecule, using NaBH3CN, are described. This 
heparin was synthesized by deaminative cleavage with nitrous acid, according 
to the directions of Cif0ne1li.l~ For comparison one heparin containing block 
copolymer prepared by the coupling reactions described previously was 
prepared. 
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copolymer prepared by the coupling reactions described previously 
prepared. 
was 
EXPERIMENTAL 
Materials 
Amino-telechelic poly(ethy1ene oxide)s with molecular weights lo00 and 
4000 (H2N-PE0(1000 or 4000)-NH,) were a generous gift from Nippon Oil & 
Fats Company, Ltd., Ibaraki, Japan. H2N-PE0(1000)-NH, had a an = 1000, 
as indicated by the manufacturer and was further characterized by vapor 
pressure osmometry (VPO) (Mn = 900) and H2N-PE0(4000)-NH, was 
characterized as described previously. sec-Butyllithium (BuLi, Janssen Chim- 
ica, Beerse, Belgium) was used as a 1.3M solution in cyclohexane. This 
BuLi-solution was freed of solids by filtration using a glass-sintered funnel 
under a N, atmosphere and the molarity was determined using the double 
titration procedure with 1,2-dibromoethane.16 Diphenylguanidine (DPG, 
Janssen Chimica) was purified according to the directions of Carlton." Hep- 
arin, a sodium salt (Hep) from porcine mucosa had a specific activity of 165 
U/mg, as indicated by the manufacturer (Diosynth B.V., Oss, Holland). 
JeffamineQ3 ED-6000 (H2N-PE0(6000)-NH,, a generous gift from Texaco 
Chemical Company, Houston, TX) with molecular weight 6000 was purified 
by dissolution in THF and precipitation in a 10-fold excess of diethylether. 
This procedure was carried out twice. The product was dried under vacuum 
over P& and finally dried in vucuo at 70°C for 2 h. H2N-PE0(6000)-NH, 
had a M, = 6000, as indicated by the manufacturer and was further charac- 
terized by VPO (%, = 6100), potentiometric titration with perchloric 
acid-DMF (a, = 8700), and GPC (columns: pStyrage1 lo5 + lo4 + lo3  + 500 
A; solvent: THF) (an = 9300; M w / a n  = 1.34). 
Diethylether (E. Merck, Darmstadt, Germany) was dried over CaC1, (100 
g/L). Dioxane (E. Merck) was first stirred with KOH-powder (10 g/L), 
refluxed and then distilled over CaH, or sodium wire. Before use dioxane was 
checked for the presence of peroxides with MerckoquatB Peroxid-Test (E. 
Merck). Methylene 4,4'-diphenyl diisocyanate (MDI, E. Merck) was purified 
by distillation at  3 mm Hg. The yellow-white solid (mp 38-40°C, lit.18 375°C) 
was stored under nitrogen at - 20°C. 
sec-Dibutylamine (E. Merck) after drying over BaO, n-hexane (E. Merck) 
after drying over sodium wire and toluene (E. Merck) after drying over CaH,, 
were distilled once at atmospheric pressure. 1,2-Dibrornoethane (DBE, Fluka, 
Buchs, Switzerland), N ,  N-dimethylformamide (DMF, E. Merck) after drying 
over anhydrous MgSO, (100 g/L), hexamethylene diisocyanate (HMDI, E. 
Merck), styrene (St, E. Merck), N ,  N ,  N ,  N'-tetramethylguanidine (TMG, E. 
Merck), and toluene 2,4-diisocyanate (TDI, Fluka) were distilled under N, a t  
reduced pressure. 
Anhydrous sodium chromate (Na ,Cr04, BDH Laboratory Chemicals, Poole, 
UK), argon (E. Merck), chloroform (E. Merck), cyclohexane (E. Merck), 
dibutyltin dilaurate (E. Merck), ethyl acetate (E. Merck), nitric acid 65% 
(NHO,, E. Merck), perchloric acid 70% (Fluka), sodium nitrite (NaNO,, BDH 
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Laboratory Chemicals), and tetrahydrofuran (THF, E. Merck) were used as 
received. 
N-(Benzy1idene)trimethylsilylamide (BTMSA) with bp 101"C/18 mm Hg 
and nD2' = 1.5096 was synthesized from sodium bis(trimethylsily1)amide and 
benzaldehyde (E. Merck) in 38% yield, following the method of Kriiger and 
 coworker^.'^ Sodium bis(trimethylsily1)amide with mp 165-167°C was synthe- 
sized from 1,1,1,3,3,3-hexamethyldisilazane (E. Merck) and sodium amide 
suspension (E. Merck) in benzene (E. Merck) in 71% yield, according to 
directions of Wannagat and Niederpriim.20 
Nitrous acid-degraded heparin (NADHep) was prepared by a slightly mod- 
ified procedure as described by Cifonelli." Prior to coupling reactions, 
NADHep was compared to Hep (165 U/mg) for bioactivity using an acti- 
vated-partial thromboplastin time (APTT) assay.21 Heparin solutions (50 pL) 
in water were incubated for 5 min a t  37°C with 100 pL citrated fresh-frozen 
human plasma (Bloodbank Twente and Achterhoek, Enschede, Holland). 100 
pL Cephalin/kaolin (PTT-Reagent, Boehringer, Mannheim, Germany) acti- 
vating reagent was added and incubated an additional 3 min before 100 pL 
CaC1, (0.025M) was added to coagulate the samples. Clot formation was 
detected optically and automatically with a Lode Coagulatometer (Model 
LC-6, Lode, Groningen, Holland). NADHep displayed 40% of the bioactivity 
of its precursor (65 U/mg). 
Synthesis of Polymers 
Anionic Polymerization of Styrene 
Anionic polymerizations were carried out in new 250 mL infuse- 
bottles-capped with self-sealing rubber gaskets and metal caps-which were 
first cleaned by treatment with Vim@ (Lever Sunlight B.V., Vlaardingen, 
Holland), washed several times with double distilled water and finally dried at  
120°C. In a glove-box-purged continuously with N,- or Ar gas-cyclohex- 
ane was first added to each infuse-bottle with a calibrated solvent dispensor. 
BuLi was added directly to the cyclohexane from a calibrated pipettor. Then 
St monomer was slowly added from a calibrated pipette to the slowly shaken 
infuse-bottles, containing the initiator solution. The closed infuse-bottles were 
removed from the glove-box and rotated in a constant temperature bath a t  
50°C. After 1 h reaction time, the infuse-bottles were placed in the glove-box 
and an excess of BTMSA was added dropwise to the solution of the living 
poly(styry1)lithium at  ambient temperature. The reaction mixture was al- 
lowed to stand for a t  least 3 h a t  2OoC and shaken occasionally. The polymer 
was then precipitated by slow addition of the polymer solution to a 10-fold 
excess of vigorously stirred methanol. The precipitate was filtered, washed 
and dried in uacuo. 
Subsequent deblocking of the trimethylsilyl terminal groups by hydrolysis 
in dilute hydrochloric acid (pH 4) in a toluene-H,O (3 : 1, v/v) mixture 
resulted in amino-semitelechelic polystyrene (PS-NH,, [l]). The reaction 
mixture was refluxed for at  least 12 h. During refluxing, a stream of N, was 
passed through the reaction mixture in order to entrain any volatile products. 
After hydrolysis, the toluene layer was separated and neutralized. Neutraliza- 
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tion was accomplished either by use of a 10% aqueous Na,CO, solution," or 
by use of a 10M excess of TMG, followed by washing with water until the 
aqueous layer was neutral to litmus paper. The polymer solution was added to 
a 10-fold excess of vigorously stirred methanol and PS-NH, [l] was isolated 
by filtration. The precipitate was washed several times with methanol and 
finally dried a t  reduced pressure. 
To separate residual non-aminated PS from [l], preparative column chro- 
matography (CC) was carried out using silica gel (Kieselgel 60, 70-230 mesh 
ASTM, E. Merck) and toluene and toluene-ethyl acetate (24 : 1, v/v) mixture 
as eluting solvents, according to a slightly modified procedure described by 
Quirk and Cheng.', 
In a typical experiment, 3.10 g of [l] was dissolved in 30 mL toluene and 
applied to a pre-equilibrated silica gel column (175 g Kieselgel 60; 230 
mm X 47 mm; volume: 400 cm3). Elution of non-aminated PS was first 
performed with toluene a t  a flow rate of about 1.0 mL/min a t  20°C. The 
refractive index of the effluent was measured with a Waters Differential 
Refractometer R 403 (dn/dc of PS in toluene a t  20°C is 0.110 mL/gZ2) and 
registered on a Kipp & Zonen BD41 recorder. Then elution of PS-NH, was 
performed using the toluene-ethyl acetate (24 : 1, v/v) mixture at a flow rate 
of about 1.0 mL/min a t  20°C. For both elutions, fractions of 20 mL were 
collected. Fractions containing the same type of polymer were combined and 
evaporated to dryness. The yield of PS-NH, [l] was 1.87 g (60%). 
Coupling of Amino-Semitelechelic Polystyrene [ I ]  and 
Amino-Telechelic Poly(ethylene Oxide) (H2N-PEO-NH,, [4] )  
PS-NH, [l] was converted into isocyanate-semitelechelic polystyrene 
(PS-N=C=O, [3]) using TDI [2]. PS-NH, [l] was also converted into 
[3] by using MDI, or HMDI in an analogous manner. Subsequent coupling 
with 4 afforded amino-semitelechelic polystyrene-poly(ethy1ene oxide) 
(PS-PEO-NH,, [5]) diblock copolymers with a terminal primary amino 
group. The coupling reactions were carried out according to slightly modified 
procedures as described previously.2 
PS-N=C=O [3] was prepared as follows: PS-NH, [l] (15% w/v in 
dioxane) was added dropwise to a solution of [2] in dioxane (0.3% v/v) during 
a period of 120 h until a final ratio of [l] and [2] of 1 : 20 (mol/mol) was 
obtained. The reaction mixture was kept a t  40°C under a nitrogen blanket. 
To remove unreacted [2], the reaction mixture was concentrated to 50% on 
a Rotavac and precipitated in a 10-fold excess of dried n-hexane (toluene 
2,4-diisocyanate is soluble in n-he~ane).'~ After filtration, [3] was dissolved in 
dioxane (10% w/v) and again precipitated in a 10-fold excess of n-hexane, 
filtrated, and finally dried at  reduced pressure. Precautions were taken to 
avoid contact with air or water. 
PS-PEO-NH, [5] was synthesized by adding a freshly prepared solution of 
[3] in dioxane (15% w/v) dropwise during a period of 14 h to a solution of [4] 
in dioxane (10% w/v) until the final ratio of [3] and [4] was 1 : 20 (mol/mol). 
This reaction was performed a t  20°C under a nitrogen atmosphere. Reactions 
were carried out using HzN-PEO(lOOO)-NH,, H2N-PE0(4000)-NH, or 
H,N-PE0(6000)-NH 2. 
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After the appropriate reaction time, the reaction mixture was concentrated 
on a Rotavac and [5] was dried a t  reduced pressure. Unreacted PS was 
removed by the following procedure: PS-PEO-NH, [5] was dissolved in 
toluene (5% w/v). To this solution, small amounts of cyclohexane were added 
until the solution of [5] in the toluene-cyclohexane mixture became turbid. 
By raising the temperature to 50°C, this solution became clear again. By 
slowly adding a 10-fold volume of diethylether-n-hexane (9 : 1, v/v) mixture 
to the stirred clear solution of [5], the polymer was precipitated. After 
sedimentation, the precipitate was isolated by filtration and then dried 
in oacuo at 60°C. To remove unreacted [4], the precipitate was dissolved in 
DMF (10% w/v) and reprecipitated at  45°C in a 10-fold excess of a 
methanol-water (1 : 9, v/v) mixture, in which NaCl was dissolved (50 g/L). 
PS-PEO-NH, [5] was isolated by filtration using a sintered-glass funnel, 
washed several times with water to remove residual NaC1, and finally dried a t  
4OoC and reduced pressure. 
For preparative CC separations of polystyrene from PS-PEO-NH, sam- 
ples, a column (175 mm X 35 mm; volume: 168 cm3) packed with 60 g of 
microcrystalline cellulose powder (AvicelR, E. Merck) was used.14 The column 
was pretreated by first eluting with methanol, followed by elution with 
methanol-ethyl acetate mixtures with the following compositions (4 : 1; 3 : 2; 
2 : 3; 1 : 4, v/v) and finally with ethyl acetate. In a typical experiment, the 
column was loaded with 0.40 g of crude [5] dissolved in 10 mL ethyl acetate. 
After polystyrene had been eluted with ethyl acetate (1.0 mL/min), the 
column was successively eluted with a methanol-ethyl acetate (1 : 4, v/v) 
mixture to collect PS-PEO-NH, [5] and with methanol for the isolation of 
any residual PEO. The refractive index of the effluent was detected with a 
Waters Differential Refractometer R 403 and registered on a Kipp & Zonen 
BD41 recorder. For all elutions, fractions of 10 mL were collected. Fractions 
containing the same type of polymer were combined and evaporated to 
dryness. The yield of PS-PEO-NH, [5] was 0.26 g (65%). 
Coupling of Amino-Semitelechelic Polystyrene- Poly(ethylene Oxide) 
[5] and Heparin (Hep, [6 ] )  
Coupling of Hep [6] with PS-PEO-NH, [5] was performed in a DMF-H,O 
(40 : 1, v/v) mixture by activating the carboxylic acid groups of [6] with 
l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) a t  pH 
5.1-5.2 and subsequently reacting the activated carboxylic acid groups with 
the amino groups of [5] a t  pH 7.5 affording polystyrene-poly(ethy1ene 
oxide)-heparin (PS-PEO-Hep, [?I) block copolymers, as described previously.2 
Coupling of Amino-Semitelechelic Polystyrene-Poly(ethykne Oxide) 
[5] and Nitrous Acid-Degraded Heparin (NADHep, [8]) 
Coupling of NADHep [8] and PS-PEO-NH, [5] was performed according 
to a modified procedure of Hoffman and ~o-workers .~~ Heparin was first 
partially depolymerized by deaminative cleavage with nitrous acid.15 In a 
typical experiment, 5 g of heparin [6] was dissolved in 250 mL water a t  0°C. 
After 30 min, 50.0 mg NaNO, was added and the pH was adjusted to 2.7 with 
1.ON hydrochloric acid solution. The pH was checked every 15 min and 
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adjusted if necessary. After 2.5 h, the pH was adjusted to 7.0 with 0.1N 
sodium hydroxide solution, the solution was dialysed against double-distilled 
water and freeze-dried. By varying the reaction time, temperature and weight 
ratio heparin/NaNO,, it is possible to obtain “tailor made” samples of 
NADHep with different molecular weightsz5 NADHep [8] was then charac- 
terized for molecular weight, molecular weight distribution and biological 
activity. 
Sodium cyanoborohydride (NaBH,CN) and a solution of [5] in DMF-H,O 
(40 : 1, v/v; 4.9 g/dL) were added to a solution of [8] in DMF-H,O (40 : 1, 
v/v; 2.0 g/L). The reaction mixture was stirred for 24 h and the pH was 
maintained a t  7 by adding 1N hydrochloric acid. 
The resulting polystyrene-poly(ethy1ene oxide)-heparin (PS-PEO-Hep, 
[9]) was precipitated in methanol, collected by filtration and suspended in 
water to remove unreacted [8] and NaBH,CN. Aliquots of the supernatant 
were analyzed for heparin bioactivity using an activated-partial thromboplas- 
tin time (APT”) assay. Extraction of [9] with water was accomplished until 
no free heparin was detected in the extraction fluid. After isolation, [9] was 
suspended in THF to remove unreacted [5]. After filtration, [9] was dried a t  
reduced pressure. 
Methods 
Spectroscopy 
IR- and NMR-spectra of PS-NH, and PS-PEO-NH, were recorded as 
described previously.2 
Thin Layer Chromatography (TLC) 
TLC analysis of residual nonaminated PS in PS-NH, was carried out with 
silica gel plastic sheets (TLC-Kieselgel 60 FZM, layer thickness: 0.2 mm, E. 
Merck) containing a fluorescent indicator using toluene as effluent.26 
TLC analysis of residual polystyrene and PEO in PS-PEO-NH, was 
performed with cellulose aluminum sheets (DC-Alufolien Cellulose F, layer 
thickness: 0.1 mm, E. Merck) with fluorescent indicator using a cyclo- 
hexane-ethyl acetate-methanol (9 : 1 : 1, v/v/v) mixture and a methanol- 
chloroform (9 : 1, v/v) mixture as effluent for respectively polystyrene and 
PEO.I4 This method does not allow direct determination of the possible 
formation of PS-PEO-PS. 
Spots on the sheets were detected and identified by the absence of fluores- 
cence upon ultraviolet irradiation (PS-NH, and PS-PEO-NH,) and by 
colouring with iodine vapors (H,N-PEO-NH, and PS-PEO-NH,). 
Molecular Weights 
Number-average molecular weights (Mn) ,  weight-average molecular weights 
(&fw), and the molecular weight distributions ( M W / a n )  of PS-NH, and 
M,,app and aw,,, of PS-PEO-NH, were determined according to the assays 
as described previously.2 an, Mw, and il?,/Bn of heparin and nitrous acid-degraded heparin were 
determined by gel permeation chromatography/low angle laser light scatter- 
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ing (GPC/LALLS) (Waters Model 6000 A GPC-system, coupled to a Chro- 
matix KMX-6 LALLS-detector and a Waters Differential Refractometer R 
403 concentration-detector), using Toyosoda/TSK columns G6000PW, 
G5000PW, and G4000PW in series, essentially as described by Hennink and 
c o - ~ o r k e r s . ~ ~  Sodium acetate buffer (O.lM, adjusted with acetic acid to pH 
6.0) was used as a solvent and the flow rate was 1.03 mL/min. Refractive 
index increments (dn/dc)  were determined using a Brice Phoenix differential 
refractometer. 
End Group Analysis 
Quantitative silicium analysis of PS- NH-Si(CH,), and PS-NH, was 
performed by the Chemical Analysis Group of the Department of Chemical 
Technology of the University of Twente, Enschede, The Netherlands, using 
x-ray fluorescence. 
End group analysis of amino groups in PS-NH, and PS-PEO-NH, was 
carried out by two methods: 
( A )  Amino group analysis was carried out by a slightly modified 
procedure as described before., Potentiometric titrations were performed 
on polymer solutions in DMF with a 0.01N perchloric acid-dioxane 
solution.28* 
( B )  Amino group analysis was also performed by the Chemical Analy- 
sis Group of the Department of Chemical Technology of the University of 
Twente, Enschede, The Netherlands. Automatic potentiometric titrations 
(Metrohm 636 Titroprocessor and Metrohm E635 Dosimat, Herisau, 
Switzerland) were carried out on polymer solutions in dioxane with a 
0.10N trifluoromethylsulfonic acid-tert-butanol solution. The potential 
was measured using a combined pH glass/calomel electrode (Metrohm). 
The amount of isocyanate groups in PS-N=C=O was determined ac- 
cording to a modified procedure as described by Shimura and Linm To 
measure the concentration of isocyanate groups, 2.0 mL of 0.10N see- 
dibutylamine in DMF solution and 1.12 mL of 0.05N dibutyltin dilaurate in 
dioxane solution were added to PS-N=C=O dissolved in 20 mL DMF. 
After shaking this mixture a t  50°C for 45 min, the excess sec-dibutylamine 
was titrated potentiometrically with 0.01 N perchloric acid-dioxane solution. 
The blank titration was performed on a solution without PS-N=C=O. 
From the concentration of isocyanate groups and the sample weight of 
PS-N=C=O, the ii?, could be calculated. 
Heparin Content in Heparin Containing Block Copolymers 
The weight percentages of heparin in the PS-PEO-Hep block copolymers 
were determined with the assay described previously.2 
RESULTS 
Synthesis of Amino-Semitelechelic Polystyrene 
PS-NH, [l] was prepared by anionic polymerization of styrene in cyclohex- 
ane, initiated by sec-butyllithium, as shown in Scheme 1. 
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Initiation: 
[sec -C4HgLi14 4 sec -C,HgLi 
sec-C,HgLi + CH,=CH 
H - sec -c,H~cH,-C Q Li@ PI 
U .. H - C4Hg4CH,CH&CH,Ce Li@ 6""' (& I41 
Scheme 1. Schematic representation of the anionic polymerization of styrene in cyclohexane, 
initiated by sec-butyllithium. 
As shown in Scheme 2, a terminal primary amino group was introduced by 
a reaction of anionic living poly(styry1)lithium with N-(benzylidene)trimeth- 
ylsilylamide and subsequent removal of the trimethylsilyl protecting moiety 
by treatment with dilute hydrochloric acid solution (pH 4). Neutralization 
was accomplished using a 10M excess of TMG. When the neutralization was 
carried out with a 10% aqueous Na,CO, solution, a turbid mixture of [l], 
toluene, and water was obtained. After addition of this mixture to methanol, 
[l] was precipitated. This product contained residual base as indicated by 
spurious amino end group titrations. 
The formation of [l] was confirmed by IR spectroscopy as evidenced by the 
presence of N-H stretch (3340 cm-') and C-N stretch (1090 cm-l), as 
well as the absence of - N - Si(CH,), absorptions ( Si - C stretch: 760 and 
850 cm-', N-Si stretch: 910 cm-l, and Si-C bend: 1250 cm-'). 'H-NMR 
spectroscopy confirmed the presence of phenyl (6.5-7.0 ppm) and 
methylene/methine groups (1.4-2.0 ppm) and the absence of - N-Si(CH,), 
groups (0.16-0.26 ppm). 
Scheme 2. Schematic representation of the termination reaction of poly(styry1)lithium with 
N-(benzylidene) trimethylsilylamide. 
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TABLE I 
Preparation and Analysis of PS-NH, [lIa 
Code Mn, theoreticalb anc Mw/MnC a; i i ? , C / M , d  - 
4,700 
5,000 
5,000 
6,200 
6,300 
8,900 
9,300 
15,000 
15,000 
21,400 
22,100 
22,300 
31,700 
31,700 
16,400 
24,000 
19,200 
8,500 
9,400 
10,600 
5,500 
16,800 
17,200 
18,900 
60,800 
21,600 
25,500 
34,600 
1.13 
1.05 
1.13 
1.17 
1.11 
1.07 
1.10 
1.05 
1.07 
1.07 
1.17 
1.14 
1.16 
1.07 
23,800(28,800) 
8,400 
38,400 
28,700 
12,500 
12,700 
12,200 
21,000 
31,700 
27,400 
66,800 
36,000(3 1,300) 
32,500 
69,200 
0.69(0.57) 
0.65 
0.63 
0.67 
0.68 
0.74 
0.87 
0.80 
0.54 
0.69 
0.91 
O.sO(0.69) 
0.78 
0.50 
'Reaction conditions: Styrene (St, 0.58 mol/L in cyclohexane) and various amounts of BuLi 
(1.3M in cyclohexane). Reaction for 1 h at  50°C, under N, or Ar atmosphere. Termination with 
5M excess of BTMSA for 3 h at  20°C. 
b- 
M,, 
M,  determined by end group analysis using method (A) ,  in parenthesis an determined using 
calculated from St [g]/BuLi [moll. 
and M ,  determined by GPC in THF. 
d -n 
method ( B ) .  
Analysis of polystyrene samples showed that Si was not present in samples 
treated with hydrochloric acid nor in samples not treated with hydrochloric 
acid. 
The results of the anionic polymerizations are summarized in Tables I and 
11. Polymer samples were prepared using different ratios of St and BuLi to 
synthesize PS with an, theoretical ranging from 4700 to 46300. The II?, deter- 
mined by GPC in THF varied between 5500 and 62700. 
Figure 1 shows a plot of II?, determined by GPC versus gn, theoretical. The 
polymerization systems contained minor amounts of impurities. The amount 
of BuLi destroyed by these impurities-called the scavenger level-could be 
roughly estimated from the plot presented in Figure 1 (Gn determined by 
TABLE I1 
Preparation and Analysis of Purified PS-NH, [l]' 
PSI, 16,000 23,000 1.12 23,700 0.97 
PSI, 46,300 62,700 1.13 56,400(62,200) l.ll(1.01) 
' Polymers were purified by column chromatography. Reaction conditions; Styrene (St, 0.58 
mol/L in cyclohexane) and various amounts of BuLi (1.3M in cyclohexane). Reaction for 1 h a t  
5OoC, under N, or Ar atmosphere. Termination with 5M excess of BTMSA for 3 h a t  20°C. 
h- M,, theoreticnl calculated from St [g]/BuLi [moll. 
Mn determined by end group analysis using method ( A ) ,  in parenthesis an determined using 
and M ,  determined by GPC in THF. 
d -, 
method ( B ) .  
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Fig. 1. Plot of an determined by GPC as a function of Hn, theoretical calculated from St 
(g)/BuLi (mol) for the anionic polymerization of St in cyclohexane, initiated by BuLi and 
terminated by BTMSA. Encircled data point was excluded. 
GPC = Hn theoretical + 4600; r = 0.869; PS,, was excluded). The scavenger 
level was abproximately 2 x 10-4 mol/L. 
The last column in Table I shows the number of amino groups present per 
PS chain. This number was calculated using Mn determined by GPC and 
either M,, determined by potentiometric titration of PS-NH, solutions in 
DMF with a 0.01N perchloric acid-dioxane solution [method ( A ) ] ,  or ii?, 
determined by potentiometric titration of PS-NH solutions in dioxane with 
a 0.10N trifluoromethylsulfonic acid-tert-butanol solution [method ( B ) ] .  For 
samples in Table I, the number of terminal amino groups varied from 0.50 to 
0.91 per PS chain. 
PS(R:= l ) ,  # PS-NHz(R,= 0) 
Fig. 2. Thin layer chromatography on silica with toluene as effluent: (A)  non-aminated 
polystyrene, (B) crude amino-semitelechelic polystyrene, and (C) fractionated amino-semitele- 
chelic polystyrene (PS,,). 
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Fig. 3. Column chromatography of crude amino-telechelic polystyrene (PSI,): (A) nonami- 
nated polystyrene fraction and (C) amino-telechelic polystyrene fraction. 
PS-NH, [l] ( R ,  = 0; lit.13 R ,  = 0.10) could be readily separated from 
nonaminated PS ( R r  = 1; lit.13 R ,  = 0.78) by silica gel TLC with toluene as 
effluent. All crude [l] samples showed two spots on the silica gel plastic sheets, 
as depicted in Figure 2(B). Therefore, purification of samples PS,, and PS,, 
was performed with preparative CC using silica gel with toluene and 
toluene-ethyl acetate (24 : 1, v/v) as eluting solvents. The elution profile for 
crude PSIS is given in Figure 3. The two fractions obtained were further 
characterized by TLC. It  was shown that fraction A was nonaminated PS and 
fraction C was PS-NH,. The PS-NH, fractions were characterized by GPC 
and amino group analysis. Both samples had a narrow molecular weight 
distribution and the number of amino groups present per PS chain was close 
to one (Table 11). 
Synthesis of Amino-Semitelechelic Polystyrene-Poly(ethy1ene 
Oxide) Diblock Copolymer 
First PS-N=C=O [3] was prepared by a reaction of PS-NH, [l] with 
TDI [2]. The presence of isocyanate groups (-N=C=O stretch: 2270 
cm-') and urea bonds (C=O stretch: 1740 cm-l) in [3] was confirmed by IR 
spectroscopy. 
The an values of [3], calculated from isocyanate group concentrations, are 
listed in Table 111. Removal of excess [2] was accomplished by repeated 
precipitation of the polymer in a 10-fold excess of dried n-hexane. One sample 
(PS,) was precipitated only once and showed a higher content of isocyanate 
groups than theoretically expected. After reprecipitation of PS,, the amount 
of isocyanate groups found corresponded with the amino content of the 
precursor PS-NH, [l]. The yields of the coupling reactions ranged from 90 to 
95%. 
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TABLE 111 
Preparation and Analysis of PS-N=C=O [3]" 
PS-N=C=O [3] PI : [21 PS-NH2 [l] 
Code Mnb M2/M; (mol/mol) M,d M,b/M,d 
PS, 5,500 0.65 1:20 9,000 0.61 
9,400 0.74 1 : 20 6,800 1.38 
9,400 0.74 1:20 13,400 0.70 
PSl" 18,900 0.69 1:20 30,500 0.62 
ps12 21,600 0.69 1 : 10 33,800 0.64 
p%e 
P% 
a Reaction conditions: for details see experimental part. 
M, determined by GPC in THF. 
M determined by amino group analysis, method ( A ) .  
M,, determined by isocyanate group analysis. 
"P& was precipitated only once. 
b- 
c- 
d -n 
In the second step, coupling of [3] with H,N-PEO-NH, [4] was conducted. 
The formation of PS-PEO-NH, [5] was confirmed by IR-spectroscopy. This 
was evidenced by the formation of a urea linkage ( N- H stretch: 3300 cm-', 
C-N stretch: 1060 cm-' and C=O stretch: 1740 cm-') between [3] and 
[4] (-C-0-C- stretch: 1115 cm-l). 'H-NMR-spectra of [5] confirmed 
the presence of phenyl (6.5-7.0 pprn), methylene-ether (3.4-3.8 ppm), and 
methylene/methine groups (1.4-2.0 ppm). 
Table IV shows the results of the coupling reaction between [3] and 
From TLC analysis of [5] on cellulose using a mixture of cyclohexane-ethyl 
acetate-methanol (9 : 1 : 1, v/v/v) or methanol-chloroform (9 : 1, v/v) as 
effluent [Fig. 4(C)], it  appeared that all block copolymers [5] were still 
contaminated with polystyrene. No evidence was found for PEO contamina- 
tion. Therefore, sample PS15El was purified by preparative CC using cellulose 
with ethyl acetate and ethyl acetate-methanol (4 : 1, v/v) as eluting solvents. 
H 2 N -PE0(4000) -NH 2 [4]. 
TABLE IV 
Preparation and Analysis of PS-PEO-NH, [5]' 
- 
St (mol %) 
MII Yieldb 
Code PS PEO Calcd Found' a/ ii?,e/M,d 
PSSE1 8,500 4,000 35 47 53 21,500 0.58 
PSI7El 10,600 4,000 85 53 64 36,500 0.40 
PSlEl 16,400 4,000 69 63 73 43,400 0.47 
PSl,E,' 23,000 4,000 83 71 71 29,400 0.92 
PSllE, 60,800 4,000 90 a7 96 462,900 0.14 
PSISEl 25,500 4,000 87 73 85 140,500 0.2 1 
"Reaction conditions: for details see experimental part. 
bYield of copolymer based on starting amount of PS. 
'From NMR-spectroscopy. 
d -  M,, determined by end group analysis, method ( A ) .  
M,, calculated based on M,,(PS) + @,,(PEO). 
'PS,,E, was purified by CC. 
e- 
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Starting 
A E C D  
I 
dohexane-zthyl acetatemethanol 
0 PEO Rf = O  
PS Rf = 1 
I PS-PEO Rf = 0.2 
A E C D  
Methanokhloroform 
RI = 1 
Rf = O  
Rf = O  
Fig. 4. Thin layer chromatography on cellulose with cyclohexane-ethyl acetate-methanol 
respectively methanol-chloroform mixtures as effluent: (A) poly(ethy1ene oxide), ( B )  polystyrene, 
(C) crude amino-semitelechelic polystyrene-poly(ethy1ene oxide), and ( D )  fractionated amino- 
semitelechelic polystyrene-poly(ethy1ene oxide) (PS,5E1). 
The elution curve for crude PS,,E, is given in Figure 5. Because crude PS,,E, 
did not contain PEO, it was not necessary to elute the column with methanol. 
The two fractions obtained were further characterized by TLC. It was shown 
that fraction B was polystyrene and fraction D was PS-PEO-NH,. Purified 
PS,,E, was then analyzed by GPC/LALLS and showed a narrow molecular 
weight distribution. Amino group analysis of PS,,E, confirmed that the 
number of amino groups present per PS-PEO chain was close to one. 
0 100 200 300 ' 400 500 600 700 
Elution volume [mL] 
Fig. 5. Column chromatography of crude polystyrene-poly(ethy1ene oxide) (PS,,E,): 
(B) polystyrene fraction and ( D )  block copolymer fraction. 
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Fig. 6. GPC plots of polystyrene (PS,,) and polystyrene-poly(ethy1ene oxide) diblock copoly- 
mer (PSISE,). 
The overall compositions of [5] were estimated from ‘H-NMR spectroscopy. 
I t  appeared that all samples of [5], except for purified PS15E1, contained a 
higher St content than theoretically expected. 
The molecular weight distributions of [5] and their precursors were deter- 
mined by GPC. The GPC plots for [5] (PS,E, and PS15E1) and their interme- 
diate polymers (PS, and PS,,) are shown in Figures 6 and 7. The a,,,/&n 
ratios for PS and PEO were determined using available calibration curves. For 
PS these ratios are presented in Tables I and I1 and for PEO in the 
“Materials” section. For [5] the ic?,, app/@n, app ratios were determined using 
LALLS in combination with GPC (see Table V). All PS polymers showed a 
very narrow molecular weight distribution with gw/an = 1.05-1.17, while 
PS-PEO-NH, diblock copolymers had a aw, app/Mn, app = 1.2. Table V, also 
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Fig. 7. GPC plots of polystyrene (PS,) and polystyrene-poly(ethy1ene oxide) diblock copoly- 
mer (PS,E,). 
shows II?, determined by VPO in THF at  30°C for sample PS,E, and ir?, 
determined from a Zimm plot resulting from analysis by conventional light 
scattering measurements in DMF-H,O (40 : 1, v/v) a t  25°C for sample PS,,E,. 
The number of amino groups present per PS-PEO chain was calculated 
using il?, determined by potentiometric titrations of PS-PEO-NH, solutions. 
When TDI was used as a coupling agent, the number of terminal amino 
groups varied from 0.14 to 0.58. 
For two samples, PS-NH, [l] was first converted into PS-N=C=O [3] 
using MDI, or HMDI and subsequent coupling with H,N-PEO-NH, [4] 
afforded PS-PEO-NH, [5]. The results of these reactions are summarized in 
Table VI. The GPC plots for PS,E, and PS,ME, are shown in Figure 8. 
HEPARIN BLOCK COPOLYMERS 
TABLE V 
GPC/LALLS Molecular Weight Characterization of PS-PEO-NH, [5] 
1709 
PS5E, 8,500 4,000 - 14,600 1.23 15 ,Wd 21,500 0.68 
PS15E: 23,000 4,000 0.149 33,900 1.17 32,0We 29,400 1.15 
;En, app and aw, app determined by GPC/LALLS in THF. 
M,, determined by end group analysis, method (A). 
iP_SS,,El was purified by CC. 
M ,  determined by VPO (Hallikainen 1361) in THF at  30°C. 
e- Mw determined from Zimm plot resulting from analysis by conventional light scattering 
measurements in DMF-H,O (40: 1, v/v) using a Fica 50 Light Scuttering apparatus ( A  = 546 
nm) a t  25°C. 
TABLE VI 
Preparation and Analysis of PS-PEO-NH, [5] Using Different Diisocyanates' 
- 
M n  Coupling St (mol %) 
Code PS PEO agentb Calcd Found' a: ii;l,'/a: 
"7 El 10,600 4,000 TDI 53 64 36,500 0.40 
PS7MEl 10,600 4,000 MDI 53 64 208,600 0.07 
PS7HE, 10,600 4,000 HMDI 53 100 wf 0.00 
a Reaction conditions: for details see experimental part. 
bTDI-toluene 2,4-diisocyanate; MDI = methylene 4,4'-diphenyl diisocyanate; HMDI = 
hexamethylene diisocyanate. 
'From NMR-spectroscopy. 
d -  M,, determined by end group analysis, method (A). 
M,, calculated based on an(PS) + @+n(PEO). e- 
NO amino groups present. 
Almost no terminal amino groups could be detected, when either MDI or 
HMDI were used as coupling agent. 
Two samples of [3], which were obtained from [l] by reaction with TDI [2], 
were coupled to H2N-PE0(1000)-NH2 or H2N-PE0(6000)-NH2 [4]. The 
results of these reactions are presented in Table VII. Sample PS,E, was 
purified by preparative CC. PS,E, had a narrow molecular weight distribu- 
tion and the number of amino groups present per PS-PEO chain was close to 
one. 
Synthesis of Heparin Containing Block Copolymer 
Heparin was partially depolymerized by deaminative cleavage with nitrous 
acid, converting 2-amino-2-deoxy-D-glucopyranosyl residues into 2,5-anhydro- 
D-mannose residues as reducing terminal units containing one aldehyde 
group.l5 Hep [6] and NADHep [8] were then characterized for molecular 
weight, molecular weight distribution and biological activity (see Table VIII). 
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Fig. 8. GPC plots of PS,E, (PS-PEO-NH, coupled using TDI) and PS,ME, (PS-PEO-NH, 
coupled using MDI). 
TABLE VII 
Preparation and Analysis of PS-PEO-NH, [6] Using H,N-PEO-NH, [4] 
with Different Molecular Weights" 
- 
St (mol W )  Mn Yieldb 
Code PS PEO Calcd Found" a/ Ffne/lT?," 
P G E d  16,800 1,000 43 88 89 18,500 0.96 
PSlEl 16,400 4,000 69 63 73 43,400 0.47 
PS,,E, 18,900 6,000 57 57 57 71,700 0.35 
*Reaction conditions: for details see experimental part. 
Yield of copolymer based on starting amount of PS. 
'From NMR-spectroscopy. 
M,, determined by end group analygs, method (A). 
P%E, was purified by CC. 
b .  
d- 
calculated based on ii?,(PS) + Mn(PEO). 
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TABLE VIII 
Characteristics of Heparin [S] and Nitrous Acid-Degraded Heparin [S] 
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- - 
Heparin MnB MWB G w / K  Heparin activityb (U/mg) 
[GI 11,400 14,100 1.24 
PI 6,oOo 7,500 1.25 
165 
65 
and Ma, determined by GPC/LALZS in sodium acetate buffer. 
bHeparin activity measured by AP" .  
171 
NH, Hwy 
RO C:N- 
H H 'H H 
CH,OH 
Scheme 3. Schematic representation of the coupling reaction of nitrous acid-degraded heparin 
with amino-semitelechelic polystyrene-poly(ethy1ene oxide) diblock copolymer. 
Heparin degraded by nitrous acid displayed 40% of the bioactivity of its 
precursor. 
PS-PEO-Hep ['I] was synthesized by coupling of [5] with [S] using EDC as 
coupling agent in a DMF-H,O (40: 1, v/v) mixture'. PS-PEO-Hep [9] was 
synthesized by the coupling reaction of [5] with [S] using NaBH3CN as 
reducing agent in a DMF-H,O (40: 1, v/v) mixture. In the latter coupling 
reaction aldehyde groups of [S] react with primary amino groups of [5] at  pH 
7 in the presence of NaBH3CN31 to yield PS-PEO-Hep triblock copolymers 
[9] (see Scheme 3). Table IX shows the results of the characterization of [7] 
and [9]. With the EDC-method 16% w/w heparin was coupled, while with 
the NaBH3CN method 18-32% w/w heparin was incorporated. 
TABLE IX 
Preparation and Analysis of PS-PEO-Hep [7], [9]" 
Heparin in copolymerb 
[7] PS,,E,H,d 1.50 820 - 14 0.99 16 4 2.4 5 0.7 
[9] PS,,E,H,d 1.50 223 105 - 0.75 18 f 7 1.1 f 0.7 
[9] PS&E,H, 1.49 204 100 - 0.40 32 f 7 1.0 f 0.2 
"Reaction conditions: for details see experimental part. 
bMean value f SEM (n = 9). 
"Number of PS-PEO chains coupled to one heparin molecule calculated using ii?, of PS-PEO 
determined by end group analysis. 
dPS16E1 precursor was purified by CC. 
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DISCUSSION 
Synthesis of Amino-Semitelechelic Polystyrene 
Polymers with primary amino end groups are generally obtained by free- 
radical polymerization in the presence of suitable transfer agents containing 
an amino Macromolecules prepared by this method usually show 
broad molecular weight distributions and amino end group functionalities 
which differ from one. 
Anionic polymerization is an attractive method to synthesize polymers with 
predictable molecular weights and narrow molecular weight distri- 
butions.'.'. 33-35 The synthesis of amino-semitelechelic polymers by anionic 
polymerization has been limited to polymers with tertiary amino  group^.^^-^' 
Primary amino groups undergo proton transfer to anionic chain 
Therefore, the preparation of primary amino-terminated polymers by anionic 
polymerization is carried out by the application of protected initiators or 
terminating agents followed by appropriate deprotecting reactions.26. 42-45 
Schulz and Halasa'O reported a convenient synthesis of amino-semitelechelic 
polybutadiene and polyisoprene having high NH, functionalities (70-100%). 
These authors used a new type of organolithium initiator substituted with a 
protected primary amino group. Following these findings, Hattori and co- 
workers" prepared amino-semitelechelic polyisoprene by the reaction of an- 
ionic living poly(isopry1)lithium with protected aminated reagents. Especially 
with N-(benzy1idene)trimethylsilylamine (BTMSA), the primary amino group 
was quantitatively introduced a t  the end of the polymer chain. Hirao and 
co-workers12 used BTMSA amongst other trimethylsilyl-protected aminating 
agents in the deactivation of poly(styry1)lithium. Amino-semitelechelic PS 
with a degree of NH, functionality of 92-100% was obtained. 
In order to exploit the full potential of amino-semitelechelic PS, well-de- 
fined procedures for quantitative chain-end functionalization must be applied. 
Unfortunately, many of the reported examples do suffer from several draw- 
backs, for instance, non quantitative amination yields were ~ b t a i n e d , ~ ~ , ~ ,  
initiators were insoluble in hydrocarbon solvents,". 26, 45 solubility problems 
were encountered with polymers at  low t e m p e r a t ~ r e s ' ~ , ~ ~  and elaborate and 
extensive procedures were used.26.45 Although, it has to be stated that some of 
the amino functionalization reactions are not quantitative, pure amino-semi- 
telechelic PS can be isolated in high yield using column chr~matography.'~ 
The aim of this study was to synthesize polystyrene, with a predictable 
molecular weight and a narrow molecular weight distribution, only terminated 
a t  one end with a primary amino group attached to a carbon atom. Therefore, 
PS-NH, [l] was prepared by anionic polymerization of St in cyclohexane, 
initiated by BuLi and terminated with BTMSA, following the directions of 
Hirao and co-workers." 
The initiation of the St polymerization by BuLi in cyclohexane and the 
propagation are well and is shown in Scheme 1 [l-41. The 
termination reaction of anionic living poly(styry1)lithium with BTMSA gave 
PS-NH-Si(CH,),, as shown in Scheme 2 [5]. 
Following the directions of Schulz and Halasa," removal of the trimethyl- 
silyl protecting moiety to generate a terminal amino group was performed by 
HEPARIN BLOCK COPOLYMERS 1713 
quenching with dilute hydrochloric acid solution (pH 4), as shown in Scheme 2 
[6]. For neutralization we used a 10M excess of TMG, because neutralization 
with a 10% aqueous Na,CO, solution left residual base in [l], which resulted 
in spurious amino group titrations. This phenomenon was also recognized by 
Schulz and Halasa,lo while using solid Na,C03 instead of a 10% aqueous 
Na ,C03 solution in neutralizing the polybutadiene/polyisoprene-hydro- 
carbon layer. Analysis of polystyrene samples indicated that no Si was present 
in samples treated with hydrochloric acid, as expected. However, samples not 
treated with hydrochloric acid also did not contain any Si. This was possibly 
due to early hydrolysis of the N-Si bond by methanol during precipitation. 
Kitano and ~o-workers~~ noted that the terminal trimethylsilyl was already 
converted to free amino groups during the recovery of the polymer by 
precipitation in an excess of methanol. 
The molecular weight of [l] can be easily controlled by varying the ratio 
[St]/[BuLi] (represented by Mn, theoretical in Tables I and 11). The resulting 
polymers were characterized by determining ii?, and @Jan using GPC and 
THF as effluent. In Figure 1 the plot of an versus an, theoretical shows a linear 
relationship which has the same slope as the ideal line (an = an, theoretical). 
From the intercept, the scavenger level was calculated to be approximately 
2 X lop4  mol/L. No attempts were made to remove residual impurities from 
the polymerization systems. This level was rfI6 times the level reported by 
H ~ i e h , ~ ~  possibly due to differences in the concentration of impurities in 
cyclohexane, styrene, and the N, or Ar atmosphere as well as in cleaning 
glassware and septa. 
Tables I and I1 show that all PS polymers have a very narrow molecular 
weight distribution (ii?,/ll?, = 1.05-1.17). This is in agreement with the fact 
that polymers synthesized by anionic polymerization according to a homoge- 
neous, “intermittent” stepwise reaction with no true termination and no chain 
transfer give rise to narrow molecular weight  distribution^.^' 
The functionalization reaction of poly(styry1)lithium with BTMSA gave PS 
polymers with less than one terminal amino group per PS chain (0.50-0.91). 
This indicated that [l] was contaminated with nonaminated PS. This was 
further elucidated by TLC showing that [l] was composed of PS-NH, and of 
nonaminated PS. For all PS samples in Table 1, GPC peaks were obtained 
with small shoulders in the higher molecular weight region (Fig. 7 for PS,), 
indicating that some coupling between macromolecules forming non-aminated 
PS had occurred. This phenomenon was not observed by Hirao and co- 
workerd2 nor by Kitano and ~o-workers~~ in their synthesis of PS-NH,. 
Although the reaction of poly(styry1) anions with protected aminating agents 
gave polymers with less than one terminal amino group per PS chain 
(0.17-0.96), the GPC peaks of the resulting polystyrenes showed no detectable 
coupling between macromolecules. No further explanations were given con- 
cerning this discrepancy. 
PS-NH, [l] was effectively separated from nonaminated PS by silica gel 
CC using toluene as effluent until all nonaminated PS had eluted, followed by 
toluene-ethyl acetate (24 : 1, v/v) mixture to elute PS-NH, [l], as shown in 
Figure 3 for PS,,. In conclusion, PS-NH, [l], prepared by anionic polymer- 
ization of St in cyclohexane, using BuLi as initiator and BTMSA as terminat- 
ing agent, with a predictable molecular weight, a narrow molecular weight 
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distribution, and a quantitative amount of terminal amino groups was ob- 
tained after purification by preparative CC. 
Synthesis of Amino-Semitelechelic Polystyrene-Poly(ethy1ene 
Oxide) Diblock Copolymer 
Block copolymers can be obtained by polymerization via sequential monomer 
addition53* 54 or by step copolymerization of telechelic polymers containing 
adequate functional groups.52 
Barker and Vincent23 reported on the comparison of two preparation routes 
in the synthesis of PS-PEO diblock copolymers. Diblock copolymers were 
prepared by ( A )  sequential anionic polymerization and ( B )  coupling of 
hydroxyl-semitelechelic PS (PS-OH) and hydroxyl-semitelechelic PEO 
(PEO-OH) by toluene 2,4-diisocyanate (TDI). It was found that route ( A )  
gave a much higher yield than route ( B ) ,  68-85% vs. 20-30%. One reason for 
the lower yield in route ( B )  was the greater number of separate reaction steps 
involved, increasing the possibility of water contamination. Also some PS-PS 
coupling may have occurred during the reaction of PS-OH with TDI; reduc- 
ing the yield. Despite the low yields, they summarized the advantages of route 
( B )  over route ( A )  as follows: Firstly, in the sequential copolymerization of 
monomers such as St and ethylene oxide it is necessary to use an initiator 
which gives for both monomers a good sequential polymerization reaction. 
Another advantage is that copolymers having a systematic variation in block 
size may be prepared since cross-coupling of various pairs of homopolymers 
may be achieved. A third advantage is the fact that the molecular weights and 
molecular weight distributions of the two parts may be characterized by 
separate gel permeation chromatography (GPC). 
Additionally, by applying well defined prepolymers with functional end 
groups (for instance, PS-NH, and H,N-PEO-NH,), it is possible to prepare 
block copolymers having one functional end group per chain (PS-PEO-NH,). 
In particular, the amino end group could then be used in coupling reactions 
with heparin to prepare heparin containing block copolymers. In this study 
PS-PEO-NH, [5] was synthesized by coupling of PS-NH, [l] with TDI [2] 
and subsequent coupling of PS-N=C=O [3] with H,N-PEO-NH, [4]. 
In order to overcome the problems, encountered in the previous study,, differ- 
ent molar ratios of PS-NH, and TDI and of PS-N=C=O and 
H, N -PEO-NH were applied. 
For some polymer samples, PS-NH, [l] was converted into PS-N=C=O 
[3] using excess TDI [2], after which [13] was isolated and characterized. 
It was found to be preferable to cap PS-NH, with TDI, rather than 
H,N-PEO-NH,, because it had been shown by Bridger and Vincent55 that 
the reaction between PEO-OH and TDI in toluene gave rise to polymer 
crosslinking and hence, gel formation. Although Racois and W a l ~ h ~ ~  and 
Orhan and ~o-workers~~ had apparently found PEO capping with isocyanate 
to be successful. 
From results shown in Table I11 and from GPC plots of [l] and [3] 
(identical plots; not shown here), it was concluded that under these reaction 
conditions [l] was converted into [3] with a reasonable high N=C=O 
functionality (yield ranged from 90-95%) and that no dimerization of [I] 
chains, resulting in PS-PS, had occurred. Due to steric hindrance, the iso- 
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cyanate group ortho to the methyl group in TDI [2] is less reactive than the 
isocyanate group para to the methyl (0.1 a t  25°C,58 = 0.05 at  30-40"C,'8 and 
0.01 at 25°C59). The ortho isocyanate group is even less reactive than initially, 
when the para isocyanate group has reacted.60 
From TLC analysis, it  was shown that all block copolymers [5] were still 
contaminated with polystyrene. The usual method to free a copolymer from 
homopolymers is extraction with selective solvents.61-63 (From PS-PEO: PS 
was removed by dissolving in toluene and precipitating in diethylether; PEO 
was separated using preparative GPC.61 From PS-PEO: PS was removed by 
dissolving in THF and precipitating in petroleum ether; PEO insolubles were 
removed by filtration of a benzene solution.62 From PEO-PS-PEO: PEO was 
removed by precipitating the dimethoxyethane solution in water and then 
dissolving in chloroform and precipitating in water; PS was separated by 
extraction with warm cyclohexane.63) This method might fail in cases where 
molecular weights are low and homopolymers and copolymers can be ex- 
tracted t~gether . '~  
For all diblock copolymers, except for those purified by preparative CC (Fig. 
6 for PS15E1), GPC peaks were obtained with small shoulders in the lower 
molecular weight region, as shown in Figure 7. From TLC analyses it was 
already shown that [5] was still contaminated with PS. This might be the 
cause for the presence of shoulders at the lower molecular weight part of the 
GPC plots. The top of the shoulder in Figure 7 corresponds with a calculated 
molecular weight of *8700-M, of the prepolymer is 8500-indicating that 
PS,El is contaminated with PS,. Information from 'H-NMR spectroscopy 
indicated that [5] contained more styrene than expected. 
Another explanation is that besides PS-PEO-NH, also some unfunctional 
PS-PEO-PS was formed during the coupling reactions, although not evi- 
denced by GPC plots. As mentioned by Quirk and Seung,s4 both PS-PEO-PS 
and PS-PEO with an(PS-PEO) = 0.5 x an(PS-PEO-PS) exhibited the 
same retention volume in THF using a three-column set of pStyrage1 columns 
(lo5 + lo4 + lo3 A). I t  is obvious that the presence of PS-PEO-PS could also 
reduce the NH,-functionality of [5]. 
Therefore, sample PS15El was purified by preparative CC, according to the 
directions of Wesslkn and Mhsson.'* In our case, it was not necessary to elute 
the column with methanol, because unreacted PEO was already effectively 
removed from the polymer mixture by selective precipitation at  45°C of 
PS-PEO-NH, in a methanol-water (1 : 9, v/v) mixture, containing NaCl(50 
g/L). TLC analysis of aliquots of the supernatant showed single spots on the 
cellulose sheets and these spots corresponded with spots obtained with pure 
PEO. The eluted fractions were characterized by TLC and these analyses 
showed that the first faction (B) was PS and the second fraction ( D )  was 
PS-PEO-NH,. muified PS,,E, showed a narrow molecular weight distribu- 
tion and the number of amino groups present per PS-PEO chain was close to 
one. From above considerations, it  appeared that PS15El was contaminated 
with small amounts of PS,, and that no undesired PS-PEO-PS coupling had 
occurred. The PS contaminants could be effectively removed by preparative 
cc. 
In comparison with TDI, the two isocyanate groups in MDI, or HMDI 
show equal reactivities towards other molecules and under the chosen reaction 
conditions should give rise to the formation of undesired PS-PS block 
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copolymers. From Figure 8 it appears that PS,E, shows a bimodal GPC plot, 
containing a high peak with a an, app = 17,000-corresponding to the 
an(PS,) + MJPEO) = 14,600-and a smaller peak with a calculated molecu- 
lar weight of *10,700-corresponding to the Mn of PS, (an = 10,600). As 
mentioned above, PS7E, contains besides pure PS-PEO-NH, still a substan- 
tial amount of unreacted PS, as indicated by a low NH,-functionality and a 
too high St content. By using MDI, or HMDI the coupling of [l] with [4] was 
not successful. Supposed [5] products contained a too high St content, showed 
extremely low NH,-functionality and their GPC plots (Fig. 8 for PS,ME,) 
showed a Zm, app (= 22,900), which was twice the an of PS, (an = 10,600). 
Probably due to equal reactivities of the isocyanate groups in MDI and 
HMDI, unfunctional PS-PS was formed already during the conversion reac- 
tion of [l] with diisocyanate into [3] (100 mol % St for PS7HE, and < 100 
mol % St for PS,ME,). The GPC plot for PS,ME, (Fig. 8) shows a single 
peak. 
In conclusion, PS-PEO-NH, [5], prepared by a coupling reaction of 
PS-NH, [l] and H,N-PEO-NH, [4] using TDI [2], with a predictable 
molecular weight, a narrow molecular weight distribution, and a quantitative 
amount of terminal amino groups was obtained after purification by prepara- 
tive CC. 
To study the solubility of PS-PEO-NH, in a DMF-H,O (40: 1, v/v) 
mixture, purified PS,,E, was also analyzed by conventional light scattering 
measurements in DMF-H,O (40: 1, v/v) mixture a t  25°C and aw, app from 
the resulting Zimm plot66*66 was determined. I t  was believed that because of 
good solubility of PS and PEO in DMF (PS is not soluble in water), PS-PEO 
block copolymers would be soluble in the DMF-H,O (40 : 1, v/v) mixture. 
From the fact that aw, app was in close agreement with ( A )  an, app deter- 
mined by GPC/LALLS in THF, ( B )  an determined by end group analysis, 
and ( C )  the sum of Mn(PS) + Mn(PEO) = 27000, i t  was concluded that no 
association or aggregation had occurred and that PS-PEO was homoge- 
neously dissolved in the DMF-H,O (40 : 1, v/v) mixture. 
Synthesis of Heparin Containing Block Copolymer 
Numerous investigators have immobilized heparin directly onto polymer 
surfaces using different functional groups and a variety of techniques. Heparin 
has been covalently immobilized onto surfaces such as silicon rubber 
(Silasti~@),~~ polyvinyl alcohol,68 poly(methy1 metha~rylate),~' aga ro~e ,~ ' .~~  
and styrene-butadiene-styrene block co~olymer .~~ These studies demon- 
strated that the immobilized heparin was bioactive in prolonging clotting time 
assays and that this was caused by the immobilized heparin and not by 
leached heparin. 
Compounds containing aldehyde groups react with primary amines to give 
labile Schiff-bases that can be converted into stable secondary amines by 
reduction. Hoffman and ~o-workers~~ used this knowledge to covalently cou- 
ple heparin to substances containing primary amino groups. Recently, Hu and 
Solomon73 developed a new method of binding heparin to polyurethaneurea 
substrates. Heparin was modified by a periodate (NaIO,) oxidative reaction, 
resulting in the formation of aldehyde functional groups. Evaluation of the 
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aldehyde modified heparin by in vitro methods indicated that virtually no 
anticoagulant efficacy was This high potency derivatized heparin was 
then immobilized covalently on a polyurethaneurea containing free amino 
groups using NaBH,CN. 
In a previous study,, the preparation of heparin containing block copoly- 
mers by means of a water-soluble carbodiimide was described. It was found 
that these polymers contained more than one PS-PEO block per heparin 
molecule and contained possibly altered heparins with decreased anticoagu- 
lant activity. Therefore, pure PS-PEO-Hep triblock copolymer was prepared 
by the coupling of purified PS-PEO-NH, with nitrous acid-degraded heparin, 
using NaBH,CN as reducing agent. This NADHep was prepared by deamina- 
tive cleavage with nitrous acid. 
Commercial heparin contains alternating (1 -+ 4)-linked uronic acids (mainly 
D-glucuronic, L-iduronic, or L-2-sulfated iduronic) and D-glucosamine residues 
(mainly D-N-acetyl glucosamine and ~-di-N-g-sulfated gl~cosamine)?~ Be- 
cause of random variations in individual sugar units and large molecular 
weight variations heparin shows a high degree of polydispersity, both in 
chemical structure and size. Thus, before coupling to PS-PEO-NH,, Hep [6] 
and NADHep [8] were characterized for molecular weight, molecular weight 
distribution and biological activity, see Table VIII. The determined Mn’s, 
ii?u,’s, and aw/an ratios are in close agreement with values found by other 
in~estigators.~~. 27, 76, 77 
Following the procedure of Cifonelli,15 which was further evaluated by 
Kni~rneijer,,~ heparin degraded by nitrous acid displayed 40% of the bioactiv- 
ity of its precursor, as measured by APTT. Grainger and ~o-workers~~ re- 
ported a 64% decrease in bioactivity for their nitrous acid-treated heparin 
compared to commercial untreated heparin. Solomon and ~o-workers~~ tated 
in their studies that the preparation of aldehyde activated heparin by perio- 
date oxidation resulted in high potency heparin derivatives-retaining 90% of 
its original bioactivity measured by A P ” ,  although no data concerning 
molecular weight, molecular weight distribution nor antithrombin I11 affinity 
was presented-while preparation by deaminative cleavage with NaNO,/ 
AcOH, respectively NaN02/HC1 resulted in less potent heparin derivatives 
(69%, respectively 55% of original bioactivity). 
The two definitive coupling reactions described in this study for the synthe- 
sis of heparin containing block copolymers yielded two types of products. The 
polymers obtained with EDC are linked through carboxylic acid groups of 
heparin, whereas those obtained with NaBH,CN are linked through an 
aldehyde group. From the results in Tables VIII and IX, i t  was possible to 
calculate the average-number of PS-PEO chains coupled to one heparin 
molecule. It was determined that by using EDC, 2.4 0.7 PS-PEO chains 
were coupled to one heparin molecule. This value is in close agreement with 
values found earlier2 and values found by other With the 
coupling procedure using NaBH,CN, i t  was calculated that, on the average, 
only one PS-PEO chain was coupled to one heparin molecule. 
True PS-PEO-Hep triblock copolymers were synthesized by a coupling 
reaction of PS-PEO-NH, with NADHep via reductive amination using 
NaBH,CN, while heparin containing block copolymers were prepared by a 
coupling reaction of PS-PEO-NH, with Hep using EDC as activating agent. 
1718 WLIC ET AL. 
CONCLUSIONS 
Amino-semitelechelic polystyrene [l] was synthesized by anionic polymer- 
ization of styrene in cyclohexane, using sec-butyllithium as initiator and 
N-(benzy1idene)trimethylsilylamide as terminator. The resulting polymers had 
a narrow molecular weight distribution and the number of amino groups 
present per PS chain ranged from 0.50 to 0.91. Polymers-contaminated with 
nonaminated polystyrene-which were purified by preparative column chro- 
matographic separations using silica gel with toluene and toluene-ethyl ac- 
etate (24 : 1, v/v) as eluting solvents, showed a quantitative amount of 
terminal amino groups. 
The terminal amino group was used in the coupling reaction with am- 
ino-telechelic poly(ethy1ene oxide) [4] using toluene 2,4-diisocyanate [Z] to 
produce amino-semitelechelic polystyrene-poly(ethy1ene oxide) diblock 
copolymers [5]. These block copolymers had a bimodal molecular weight 
distribution and the number of amino groups present per PS-PEO chain 
ranged from 0.14 to 0.58. Polymers-contaminated with unreacted polystyrene 
and polystyrene-poly(ethy1ene oxide)-polystyrene triblock copolymers-were 
purified by preparative column chromatographic separations using cellulose 
with ethyl acetate and ethyl acetate-methanol(4 : 1, v/v) as eluting solvents. 
These purified polymers showed a narrow molecular weight distribution and 
the number of terminal amino groups was close to one. Using methylene 
4,4'-diphenyl diisocyanate or hexamethylene diisocyanate as coupling agent in 
the reaction of PS-NH, [l] with H,N-PEO-NH, [4] gave low yields of 
Heparin containing polystyrene-poly(ethy1ene oxide) block copolymer [7] 
was synthesized in a DMF-H,O (40 : 1, v/v) mixture by a coupling reaction of 
PS-PEO-NH, [5] with heparin [6], first by activating the heparin carboxylic 
acid groups with EDC at pH 5.1-5.2 and subsequently reacting the activated 
carboxylic acid groups with the amino groups of PS-PEO-NH, [5] a t  pH 7.5. 
Polystyrene-poly(ethy1ene oxide)-heparin triblock copolymer [9] was synthe- 
sized in a DMF-H,O (40: 1, v/v) mixture by a coupling reaction of PS- 
PEO-NH, [5] with nitrous acid-degraded heparin [8], in which NADHep [8] 
aldehyde groups react with the primary amino groups of PS-PEO-NH, [5] 
at  pH 7 in the presence of NaBH,CN via reductive amination of the carbonyl 
group. With the EDC-method 16% w/w heparin (2.4 PS-PEO chains per 
heparin molecule) was coupled, while with the NaBH,CN method 18-32% 
w/w heparin ( k 1 PS-PEO chain per heparin molecule) was incorporated. 
These improved procedures enable the preparation of well defined block 
copolymers composed of a hydrophobic block of polystyrene, a hydrophilic 
spacer-block of poly(ethy1ene oxide) and a bioactive block of heparin. These 
polymers will be further evaluated as possible compounds for the improve- 
ment of the blood compatibility of polymer surfaces. 
PS-PEO-NH, [5]. 
The authors wish to thank Mr. G. van de Ridder for his help with GPC/LALLS and VPO and 
Mr. G.  H. M. Engbers for his suggestions on preparing NADHep. This work was partially 
supported by NIH Grant HL-17623-14. 
HEPARIN BLOCK COPOLYMERS 1719 
References 
1. I. Vulid, T. Okano, S. W. Kim, and J. Feijen, in Biomterials and Clinical Applications 7, 
A. Pizzoferrato, P. G. Marchetti, A. Ravaglioli, and A. J. C. Lee, Eds., Elsevier, Amsterdam, 1987, 
p. 491, I. Vulid, T. Okano, S. W. Kim, and J. Feijen, Trans. SOC. Bwmter . ,  13, 81 (1987). 
2. I. Vulid, T. Okano, S. W. Kim, and J. Feijen, J. Polym. Sci. Polym. Chem. Ed., 26, 381 
(1988). 
3. D. H. Rich and J. Singh, in The PeptLdes 1, E. Gross and J. Meienhofer, Eds., Academic, 
New York, 1979, p. 241. 
4. M. Bodanszky and J. Martinez, in The Peptides 5, E. Gross and J. Meienhofer, Eds., 
Academic, New York, 1983, p. 189. 
5. I. Danishefsky and F. Siskovic, Thrombosis Res., 1, 173 (1972). 
6. A. Agarwal and I. Danishefsky, Thrombosis Res., 42, 673 (1986). 
7. L. C. Sederel, L. Does van der, T. Beugeling, J. Feijen, A. Bantjes and S. W. Kim, 
8. M. Morton and L. J. Fetters, Rubber Chem. Technol., 48, 359 (1975). 
9. L. J. Fetters, J. Polym. Sci. C, 26, l(1967). 
J .  Polym. Sci. Polym. Lett. Ed., 21, l(1983). 
10. D. N. Schulz and A. F. Halasa, J. Polym. Sci. Polym. Chem. Ed., 15, 2401 (1977). 
11. I. Hattori, A. Hirao, K. Yamaguchi, S. Nakahama, and N. Yamazaki, Makromol. Chem., 
12. A. Hirao, I. Hattori, T. Sasagawa, K. Yamaguchi, S. Nakahama, and N. Yamazaki, 
13. R. P. Quirk and P-L. Cheng, Macromolecules, 19, 1291 (1986). 
14. B. Wesslkn and P. Mhsson, J. Polym. Sci. Polym. Chem. Ed., 13, 2545 (1975). 
15. J. A. Cifonelli, Carbohydr. Res., 8, 233 (1968). 
16. H. Gilman and F. K. Cartledge, J. Organomet. Chem., 2,447 (1964). 
17, J. Carlton, J .  Am. Chem. Soc., 44, 1469 (1922). 
18. L. L. Ferstandig and R. A. Scherrer, J. Am. Chem. SOC., 81, 4838 (1959). 
19. C. Kriiger, E. C. Rochow, and U. Wannagat, Chem. Ber., 96, 2132 (1963). 
20. U. Wanangat and H. Niederpriim, Chem. Ber. 91, 1540 (1961). 
21. R. R. Proctor and S. I. Rapaport, Am. J. Clcn. Pa th l .  36, 212 (1961). 
22. J. Bandrup and E. H. Immergut, Eds., Polymer Handbook, Wiley, New York, 1975, p. 288. 
23. M. C. Barker and B. Vincent, Colloids Surf., 8, 289 (1984). 
24. J. Hoffman, 0. Larm, and E. Scholander, Carbohyd. Res., 117, 328 (1983). 
25. A. J. Knipmeijer, Masters Thesis, Twente University of Technology, Enschede, The 
26. R. P. Quirk and P-L. Cheng, Polym. Prepr., 24, 461 (1983). 
27. W. E. Hennink, J. W. A. van den Berg, and J. Feijen, Thrombosis Res., 45, 463 (1987). 
28. J. S. Fritz, Anal. Chem., 22, 578 (1950). 
29. M. Sela and A. Berger, J. Am. Chem. Soc., 77, 1898 (1955). 
30. Y. Shimura and W-S. Lin, J. Polym. Sci. A-1, 8, 2171 (1970). 
31. R. F. Borch, M. D. Bernstein, and H. D. Durst, J. Am. Chem. SOC., 93, 2897 (1971). 
32. A. J. Costanza, R. J. Coleman, R. M. Pieraon, C. S. Marel, and C. King, J. Polym. Sci., 17, 
33. S. Bywater, Prog. Polym. Sci., 4, 27 (1974). 
34. M. Szwarc, Ado. Polym. Sci., 49, l(1983). 
35. M. Morton, in Anionic Polymerization: Principles and Practice, Academic, New York, 
36. R. P. Zelinski, H. L. Hsieh, and C. W. Stobel, Assignee to Phillips Petroleum Co., US Pat. 
37. C. D. Eisenbach, H. Schnecko, and W. Kern, Eur. Polym. J., 11, 699 (1975). 
38. C. D. Eisenbach, H. Schnecko, and W. Kern, Makromol. Chem., 176, 1587 (1975). 
39. P. Rempp and M. H. Loucheux, Bull. SOC. Chim. France, 1497 (1958). 
40. M. H. Loucheux, G. Meyer, and P. Rempp, Comp. Rend., 252, 2552 (1961). 
41. D. M. French, Rubber Chem. Technol., 42, 90 (1969). 
42. R. K. Graham, J .  Polym. Sci., 24, 367 (1957). 
43. G. Broze, P. M. Lefibvre, R. JerGme, and P. TeyssiB, Makromol. Chem., 178, 3171 (1977). 
184, 1355 (1983). 
Makromol. Chem. Rapid Commun., 3, 59 (1982). 
Netherlands (1985). 
319 (1955). 
1983. 
3,109,871 (1963). 
1720 VULIC ET AL. 
44. R. P. Quirk, W-Ch, Chen, and P-L. Cheng, Polym. Prepr., 25, 144 (1984). 
45. Y. Nagasaki and T. Tsuruta, Makromol. Chem., 187, 1583 (1986). 
46. S. Bywater and D. J. Worsfold, J. Organomet. Chem., 10, 1 (1967). 
47. H. L. Hsieh, J. Polym. Sci. A ,  3, 153 (1965). 
48. H. L. Hsieh, J. Polym. Sci. A ,  3, 173 (1965). 
49. A. F. Johnson and D. J. Worsfold, J. Polym. Sci. A ,  3, 449 (1965). 
50. D. J. Worsfold and S. Bywater, Macromolecules, 5, 393 (1972). 
51. T. Kitano, T. Yamamoto, Y. Okemoto, S. Itsuno, and K. Ito, Polym. J., 19, 1013 (1987). 
52. G. Odian, in Principles of Polymerization, Wiley, New York, 1981, p. 235. 
53. J. J. O’Malley, R. G. Crystal, and P. F. Erhardt, Polymer Prepr., 10, 796 (1969). 
54. J. J. O’Malley and R. H. Marchessauk, Macromol. Synth., 4, 35 (1972). 
55. K. Bridger and B. Vincent, Eur. Polym. J., 16, 1017 (1980). 
56. A. Racois and D. J. Walsh, Eur. Polym. J., 17, 1057 (1981). 
57. E. H. Orhan, I. Yilgor, and B. M. Baysal, Polymer, 18, 286 (1977). 
58. R. Rahman and Y. Avny, J. Macromal. Sci. Chm. ,  A12, 1109 (1978). 
59. M. I. Aranguren and R. J. J. Williams, Polymer, 27, 425 (1986). 
60. F. M. B. Coutinho, L. C. Rezende, and R. Quijada, J. Polym. Sci. A ,  24, 727 (1986). 
61. T. N. Khan, R. H. Mobbs, C. Price, J. R. Quintana, and R. B. Stubbersfield, Eur. Polym. 
62. K. Nakamura, R. Endo, and M. Takeda, J. Polym. Sci., Polym. Phys. Ed., 14, 1287 (1976). 
63. M. Baer, J. Polym. Scz. A ,  2, 417 (1964). 
64. R. P. Quirk and N. S. Sueng, ACS Symp. Ser., 286, 37 (1985). 
65. J. M. Evans, in Light Scattering from Polymer Solutions, M. B. Huglin, Ed., Academic, 
66. H. Benoit and D. Froelich, in Light Scattering from Polymer Solutions, M. B. Huglin, Ed., 
67. G. Grode, R. Falb, and S. Anderson, in Development of Materials for the Use on 
68. E. Merrill, E. W. Salzman, P. S. Wory, and W. G. Austen, J. Appl. Physiol., 29, 723 (1970). 
69. D. Labarra, M. C. Boffa, and M. Jozefowicz, J. Polym. Sci., 47, 131 (1974). 
70. I. Danishefsky and F. Tzeng, Thrombosis Res., 4, 237 (1974). 
71. G. Schmer, Trans. Am. SOC. Artif. Intern. Organs, 18, 321 (1972). 
72. M. F. A. Goosen and M. V. Sefton, J. Biomed. Muter. Res., 13, 347 (1979). 
73. C. B. Hu and D. D. Solomon, Trans. SOC. Bwmut., 13,78 (1987). 
74. D. D. Solomon, C. B. Hu, C. W. McGray, and D. J. Lentz, Trans. Eur. Soc. Biomut., 10, 
75. M. Comper, in Polymer Monographs 7, Gordon and Breach 1981. 
76. L. Terlingen, Masters Thesis, Twente University of Technology, Enschede, The Nether- 
77. W. E. Hennink, J. W. A. Van den Berg, and J. Feijen, Thrombosis Res., 45, 463 (1987). 
78. D. Grainger, S. W. Kim, and J. Feijen, J. Biomed. Muter. Res., 22, 231 (1988). 
79. W. E. Hennink, J. Feijen, C. D. Ebert, and S. W. Kim, Thrombosis Res., 29, 1 (1983). 
80. V. P. Torchilin, E. V. Il’ina, Z. A. Streltsova, V. N. Smirov, and E. I. Chazov, J. Biomed. 
J., 23, 191 (1987). 
London, 1972, p. 89. 
Academic, London, 1972, p. 467. 
Circulatory Assist Devices, Artificial Heart Program Conference Proceedings, June 9- 13, 1969. 
209 (1986). 
lands, (1987). 
Muter. Res., 12, 585 (1978). 
Received May 1, 1989 
Accepted September 26, 1989 
